The three-dimensional (3D) atomic structure of nanomaterials, including strain, is crucial to understand their properties. Here, we investigate lattice strain in Au nanodecahedra using electron tomography. Although different electron tomography techniques enabled 3D characterizations of nanostructures at the atomic level, a reliable determination of lattice strain is not straightforward. We therefore propose a novel model-based approach from which atomic coordinates are measured. Our findings demonstrate the importance of investigating lattice strain in 3D.
T he structural characterization of nanoparticles is an important topic in materials science since many properties heavily depend on size and morphology. The crystal structure, including defects and (surface) strain, is just as essential since it will directly affect plasmonic or catalytic properties. 1−3 To fully understand the connection between the presence of lattice strain and the properties of nanoparticles, it is crucial to measure the strain in a reliable manner. The distribution of strain in nanocrystals is usually investigated using coherent Xray diffraction techniques and using a combination of pair distribution function and extended X-ray absorption fine structure (EXAFS). 4−6 On a more local scale, transmission electron microscopy (TEM) techniques, such as electron holography and electron diffraction, have been applied. 7−13 A very challenging example of strained nanoparticles consists of the so-called "nanodecahedra" or "pentagonal bipyramids". Such particles consist of five segments bound by {111} twin boundaries, yielding a crystallographically forbidden morphology. Indeed, the angle between the crystallographic <111> directions equals 70.53°, resulting in an overall missing gap of 7.35°. To fill this gap, the atomic arrangement in each segment must contain significant displacements, resulting in large intrinsic strain fields. Among the models that have been proposed to explain the internal structure of nanodecahedrons, two of them are most accepted. The homogeneous strain model suggests that the structure consists of five segments that change from face-centered cubic (fcc) to a body-centered orthorhombic (bco) structure. 14, 15 The inhomogeneous strain model includes a central defect, corresponding to a so-called single wedge disclination that coincides with the five-fold axis of the nanoparticle. This produces an inhomogeneous strain field that reduces the total strain energy. 16, 17 Measuring strain fields in nanodecahedra using TEM has been the topic of several studies during recent years. Hyẗch and co-workers combined atomic resolution TEM and geometrical phase analysis (GPA) to investigate the strain distribution in a Au decahedron with a diameter of 17 nm. 10 Their results, supported by finite element calculations, revealed a combination of an internal lattice rotation and small shear strains inside each segment of the nanoparticle. By using a quantitative statistical analysis, displacement maps based on aberration corrected TEM images of Au nanodecahedrons with a size of 5 nm were obtained by Walsh and co-workers. 18 In this manner, an average expansion of the lattice parameters of 5.6% at the surface of Au decahedrons was determined. Although these studies provide a good start toward the understanding of the strain distribution inside Au decahedrons, it is important to note that the results are based on a single two-dimensional (2D) projection, hereby neglecting the three-dimensional (3D) nature of the lattice strain. We therefore aimed at comparing such 2D strain investigations with 3D measurements based on high-resolution electron tomography reconstructions.
Electron tomography is a technique that yields a 3D reconstruction of an object based on a series of 2D projection images acquired at different tilt angles. 19, 20 Recently, different methods have been proposed to push the 3D spatial resolution to the atomic scale. 21−23 Discrete tomography in combination with atom counting enabled a high resolution 3D characterization of nanostructures, but since the atom positions were fixed during the reconstruction, displacement fields could not be calculated. 23, 24 Scott et al. reported the reconstruction of an icosahedral Au nanoparticle with a resolution up to 2.4 Å based on an equally sloped tomography algorithm, but not all atom positions could be recovered. 22, 25 Surface relaxation in a defectfree Au nanorod was studied using atomic resolution electron tomography based on compressive sensing. 21, 26 This approach uses a limited number of high resolution projection images that should be acquired along specific zone axes of the sample. For Au nanodecahedrons, the number of suitable axes that can be reached, even using a dedicated tomography holder, is restricted to only one.
Although all of these studies prove the feasibility of atomic resolution electron tomography, a dedicated analysis of the final reconstructions is required to measure lattice strain. 21, 27 In addition to many technical challenges during the acquisition and the reconstruction, one of the main problems is that 3D reconstructions at the atomic scale often correspond to a continuous tensor of intensity values hampering the extraction of the exact coordinates of the atoms inside the nanoparticle. To overcome these limitations, we propose a novel reconstruction algorithm in which each atom is modeled by a 3D Gaussian function. This enables a direct calculation of the coordinates of every atom in the nanoparticle from which the strain distribution can be extracted in a straightforward manner.
Au nanodecahedrons were prepared by silver-assisted seeded growth in the presence of benzyldimethylhexadecylammonium chloride (BDAC). Figure 1 , panel a displays a high-resolution high-angle annular dark field (HAADF) scanning transmission electron microscopy (STEM) image of a Au decahedron acquired along the [110] zone-axis. From this projection image, the five-folded symmetry is obvious. Furthermore, as indicated by white arrows in Figure 1 , panel a, additional planar defects in two out of five segments can be observed. It is known that such additional defects are commonly generated in decahedrons to relieve the large elastic strain energy. 28 To determine the positions of the atomic columns from Figure 1 , panel a, we applied statistical parameter estimation theory, a technique that allows us to fit a set of Gaussian peaks to atomic resolution (S)TEM images, yielding estimations for the 2D coordinates of each atomic column. In this manner, a 2D displacement map with respect to a reference region can be extracted. 29−32 For this particle, the reference region is the center of a segment. By calculating derivatives of the displacement map, the strain distribution in the particle was investigated, similar to the approach used by Galindo and co-workers. 33 The resulting ε xx component for one of the segments is presented in Figure 1 , panel b, and no significant strain or lattice variations are observed. The ε yy map is of less interest when investigating surface relaxation and was therefore not further analyzed in this context.
On the basis of the estimations for the 2D coordinates of each atomic column, the variation of the lattice parameters along x was investigated for the area indicated by a white rectangle in Figure 1 , panel a. The mean interatomic distances and corresponding standard deviations are calculated from sets of equivalent distances. The pixel size for this figure (24.7 pm) was calibrated using a standard Au thin film used during the TEM alignment for which we assume that the lattice parameter of Au equals 0.408 nm. From Figure 1 , panel c, it is again clear that no systematic variation of the lattice parameter is observed. It must be noted, however, that based on Figure 1 , only displacements of the atoms averaged along the z-direction are measured. Next, we will compare these 2D results with a 3D analysis based on an atomic scale 3D reconstruction of the same Au nanodecahedron.
A tilt series of 2D projection images was acquired using an aberration corrected FEI Titan 3 microscope in HAADF-STEM mode over a tilt range of −74°to +68°with a 2°tilt increment. The alignment of the tilt series is always critical to obtain high quality 3D reconstructions. During a conventional alignment, the angles at which the images in the tilt series are acquired are fixed according to their nominal values. Here, the angles were estimated during the reconstruction in an iterative manner by 34 Technical details on this approach are provided in the Methods section. As discussed earlier, the outcome of a 3D reconstruction at the atomic scale is often a continuous 3D volume of intensity values, from which the center of each atom can only be determined by additional analysis after the reconstruction. Very often it is therefore impossible to obtain atom coordinates because of the size of the data set and the lack of objective and automatic segmentation procedures. Here, we overcome this limitation by assuming that the 3D atomic potential can be modeled by 3D Gaussian functions. Although this is a moderate hypothesis, it significantly simplifies the reconstruction problem to a sparse inverse problem, yielding the coordinates of the individual atoms as a direct outcome of the reconstruction. Although the method can be extended to a more general object that better reflects the behavior of the atomic electron density in the vicinity of the nucleus, such as a sum of Gaussians or a Lorentzian, this is only possible at the expense of computational costs. Therefore, a continuous reconstruction algorithm is alternated with a peak finding method that extracts the positions at which Gaussian functions are most likely located. Remarkably, no prior knowledge concerning the crystal structure is assumed during the reconstruction. Additional details on the reconstruction technique can be found in the Methods section.
Visualizations of the final 3D reconstruction obtained for the Au nanodecahedron, containing more than 90 000 atoms, are presented in Figure 2 along different viewing directions. The inset displays the 3D model of the morphology, and an animated view is provided in the Supporting Information.
To verify the crystal structure of the reconstructed decahedron, the atomic coordinates were studied by the method of Steinhardt bond order parameters, which provides information about the symmetry of the bond orientations. 35, 36 Bonds are defined as the vectors that interconnect two neighboring atoms. The result is provided in the Supporting Information and is consistent with an fcc atomic arrangement. This is in contrast to the homogeneous strain model in which a transition from fcc to bco was proposed.
More detailed 3D visualizations of a single segment along different [110] zone axes are presented in Figure 3 , panels b and c, which demonstrate that the top and bottom surfaces of the segment are mainly composed of {111} facets with small additional {001} facets at the edge of the nanoparticle. The presence of large {111} facets is in agreement with previous studies in which the morphology was investigated by thickness profiles and electron tomography at the nanometer scale. 37, 38 Moreover, the presence of {111} facets was expected based on thermodynamic equilibrium since the relations between the surface energies of the low-index facets are given by γ {111} < γ {001} < γ {110} . 39−41 One of the most important advantages of our approach is that the reconstruction yields all atom coordinates as a direct output. In this manner, it becomes straightforward to calculate 
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Nano Lett. 2015, 15, 6996−7001 the 3D displacement map. Again the displacements were calculated with respect to a reference region in the middle of the segment displayed in Figure 1 . We computed derivatives of the displacement map in such a manner that 3D volumes are obtained corresponding to ε xx and ε zz . Slices through the resulting ε xx and ε zz volumes were acquired through the middle of the segment, and the results are presented in Figure 4 , panels a and c. Furthermore, the variation of the lattice parameters was investigated along x and z based on the same slices (Figure 4 , panels b and d). Both along the x and z direction, a systematic outward expansion of the lattice can be observed. The expansion along z is limited to a few of the outer atomic layers and shows an asymmetry (Figure 4, panel d) that is likely to be related to the fact that the decahedron is deposited on a carbon support.
The first important finding is the fact that our 3D results enable us to determine an outward lattice expansion of the particle along the z direction. It should be stressed that this is only possible through a 3D approach such as the one presented here since displacements along the z direction cannot be extracted from a single projection image. For the nanoparticle under investigation, a relative expansion of approximately 5% is observed, which can be expected to have a significant influence on the physical properties. Although the value that we extract from our 3D results is comparable to the 2D results by Walsh et al., 18 a direct comparison is not straightforward since the particle investigated in this study is approximately five times larger.
Furthermore, the 2D projection image in Figure 1 suggested negligible displacements in the x direction, whereas the analysis in Figure 4 , panels a and b, suggested a systematic outward expansion. This can be understood since Figure 1 only provides average information. In Supporting Figure 2 , we show that slices acquired at different positions through the 3D reconstruction show different ε xx strain distributions. The observed asymmetry is probably again related to the fact that the decahedron is deposited on a carbon support. As a consequence of the averaging along z, no systematic displacements along the x direction are obtained in a projection image. This is confirmed by Supporting Figure 3 , where the forward projection of the 3D reconstruction is presented. This forward projection was analyzed in a similar manner as Figure 1 . The excellent agreement between Figure 1 and Supporting Figure 3 proves the reliability of the 3D reconstruction and once more demonstrates the importance of measuring the lattice strain from a 3D reconstruction. Also, the expansion along the z direction was investigated for different slices through the 3D reconstruction (Supporting Figure 4) . Here, we conclude that the outer expansion is always present and limited to a few of the outer atomic layers.
In conclusion, we present a novel technique to obtain 3D reconstructions at the atomic scale using a model-based approach from which atomic coordinates can be extracted in 
Nano Lett. 2015, 15, 6996−7001 a straightforward manner. This methodology enabled us to investigate a Au nanodecahedron consisting of more than 90 000 atoms. A careful investigation of the lattice strain was carried out in 3D and compared to the 2D results. The use of 2D projection images only was found to lead to an incomplete characterization since the 3D reconstruction indicates significant displacements of the atoms along the z direction. Our findings suggest the importance of investigating displacement fields from 3D reconstructions. The methodology is applied here to a Au nanodecahedron, but the technique is applicable to a broad range of nanostructures. The 3D atomic scale information that can be obtained using our approach will highly contribute to a complete understanding of the physical behavior of nanomaterials.
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